VOLUME 13 | NUMBER 7 | JULY 2010 nature neuroscience B r i e f c o m m u n i c at i o n s Layer II of the MEC (MEC layerII ) is an important part of a distributed network for spatial navigation and memory processing [1] [2] [3] [4] and it gives rise to the associational glutamatergic pathway known as the perforant path, which terminates in the molecular layer of the dentate gyrus 5, 6 . In neocortical and hippocampal networks, a major regulator of principal neurons is the cholecystokinin and cannabinoid type 1 receptor (CB1R)-expressing basket cells (CCKBCs) 7 . It is generally assumed that basket cells provide perisomatic inhibition to all principal neurons in a given layer. We found that CCKBCs do not innervate all principal neurons equally in the MEC layerII , but they have a strong preference for the principal cell class that projects extra-hippocampally while avoiding those cells that are the origins of the perforant path. These results suggest that CCKBCs specifically select principal cells from their long-range axonal targets, indicating that local GABAergic microcircuits differentially participate in distinct information processing streams. Our experimental protocols (Supplementary Methods) were approved by the Institutional Animal Care and Use Committee of the University of California, Irvine.
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Layer II of the MEC (MEC layerII ) is an important part of a distributed network for spatial navigation and memory processing [1] [2] [3] [4] and it gives rise to the associational glutamatergic pathway known as the perforant path, which terminates in the molecular layer of the dentate gyrus 5, 6 . In neocortical and hippocampal networks, a major regulator of principal neurons is the cholecystokinin and cannabinoid type 1 receptor (CB1R)-expressing basket cells (CCKBCs) 7 . It is generally assumed that basket cells provide perisomatic inhibition to all principal neurons in a given layer. We found that CCKBCs do not innervate all principal neurons equally in the MEC layerII , but they have a strong preference for the principal cell class that projects extra-hippocampally while avoiding those cells that are the origins of the perforant path. These results suggest that CCKBCs specifically select principal cells from their long-range axonal targets, indicating that local GABAergic microcircuits differentially participate in distinct information processing streams. Our experimental protocols (Supplementary Methods) were approved by the Institutional Animal Care and Use Committee of the University of California, Irvine.
Cholecystokinin (CCK)-positive terminals surrounded the somata of some, but not all, presumed principal cells in MEC layerII (Fig. 1a) . What determines which cells are targeted and which are avoided by CCKBCs? We sought to identify cellular markers that correlate with CCKBC innervations. We found that there were two major, nonoverlapping, similarly abundant cell groups in MEC layerII that could be distinguished on the basis of their immunoreactivity to reelin 8 or calbindin 9 (percentage of immunolabeled cells: calbindin positive, 44.2 ± 2.2%; reelin positive, 53 ± 2.6%; calbindin and reelin double positive, 2.8 ± 1.1%; n = 1,152 cells and 3 rats; Fig. 1b ; note that reelinand calbindin-positive cells were intermixed in layer II and frequently adjacent to each other; Fig. 1c,d) . Notably, when the retrograde tracer biotinylated dextrane amine (BDA) was injected into the ipsilateral dentate gyrus, the majority of BDA-labeled cells were reelinpositive in MEC layerII (percentage of BDA-labeled cells that were reelin positive, 98.5 ± 0.5, n = 1,135 cells and 3 rats; The medial entorhinal cortex (MEC) is a major center for spatial navigation and memory. We found that cannabinoid type 1 receptor-expressing GABAergic basket cells selectively innervated principal cells in layer II of the rat MEC that projected outside the hippocampus but avoided neighboring cells that give rise to the perforant pathway to the dentate gyrus. These results indicate that the organization of GABAergic microcircuits reflects the long-distance axonal targets of principal neurons. nature neuroscience VOLUME 13 | NUMBER 7 | JULY 2010
These results indicate that only the reelin-expressing principal cells project to the dentate gyrus; thus, the perforant pathway originates from some, but not all, principal cells in MEC layerII . Critically, the CCKBCs avoided the reelin-positive cells and formed perisomatic inhibitory inputs with a high degree of specificity onto the calbindin-positive cell population in MEC layerII (CCKBC terminals were visualized using vesicular glutamate transporter 3 (VGLUT3) as an alternative marker, as it allows sharper visualization of CCK-positive, CB1R-positive axon terminals 10 ; Fig. 1d ; number of VGLUT3-positive putative axon terminals per 1 mm of somatic membrane: calbindin positive cells, 95.6 ± 10.4; reelin-positive cells, 8.6 ± 1.8; n = 329 terminals and 3 rats, P = 0.0001; Supplementary Methods and Supplementary Fig. 1 ).
Electron microscopy revealed that the VGLUT3-positive axon terminals formed synaptic contacts (50.1 ± 5.8% of the synapses from VGLUT3-positive terminals in MEC layerII were on somata, with the rest on dendrites; no spines were targeted; n = 195 synapses and 3 rats; Supplementary Fig. 2) .
We tested the specificity of the CCKBC innervation pattern using electrophysiology. CCKBCs express CB1Rs on their axon terminals 7 and activation of CB1Rs by postsynaptically released ligands can depress GABA release through a short-term plasticity mechanism known as depolarization-induced suppression of inhibition (DSI) 11 . Consistent with our anatomical data, patch-clamp recordings from MEC layerII cells followed by post hoc immunocytochemistry revealed that those neurons that exhibited DSI were immunoreactive for calbindin, whereas reelin-positive cells showed no significant DSI on average (percentage of charge transfer following a 500-ms depolarizing pulse to 0 mV with respect to the pre-pulse period, in the presence of carbachol: calbindin positive, 40.1 ± 8.0%, n = 13 cells; reelin positive, 106 ± 10.6%, n = 12 cells; P = 0.0001; Fig. 2a ; carbachol was used to boost sIPSC frequency and DSI 11 ). DSI was abolished in the presence of the CB1R antagonist AM251 (calbindin-positive cells, 98.2 ± 11.4%, n = 3), and the difference in DSI was also present without carbachol (calbindinpositive cells, 51.6 ± 0.1%, n = 3; reelin-positive cells, 118.2 ± 0.2%, n = 3; P = 0.03). Furthermore, paired recordings showed that the DSI-sensitive perisomatic inputs formed functional synapses and originated from local interneurons (DSI, 31.1 ± 0.09%, with respect to the pre-pulse unitary IPSC amplitude, with failures included; n = 3 pairs; Supplementary Fig. 3 ; additional CCK-positive inputs to MEC may originate from outside the entorhinal cortex 12 ). Note also that calbindin-and reelin-positive cells also differed in their intrinsic electrophysiological properties (Supplementary Table 1) .
Do the calbindin-expressing MEC layerII neurons targeted by the CCKBCs possess any characteristic long-distance axonal projection patterns? Calbindin-positive cells did not project to the dentate gyrus. When we injected the retrograde tracer fluorogold into the hippocampal commissure/fimbria-fornix region, the majority of fluorogold-labeled cells were calbindin positive in MEC layerII (percentage of fluorogoldlabeled cells that were calbindin positive, 88.9 ± 8.0; reelin positive, 2.2 ± 1.9; n = 1,231 cells and 3 rats, P < 0.001), indicating that these neurons project extra-hippocampally. Because our tracer injections showed bilateral labeling in MEC layerII and previous studies have indicated the presence of commissural connections between the entorhinal cortices traveling through the dorsal hippocampal commissure 13 , we tested the hypothesis that calbindin-expressing cells in MEC layerII send their axons to the contralateral entorhinal cortex. Unilateral injection of retrograde tracers into the MEC confirmed this prediction (percentage of fluorogold-containing cells retrogradely labeled from the contralateral MEC that were calbindin positive, 93.3 ± 4.5; reelin positive, 1.6 ± 1.4; n = 1,354 cells and 4 rats, P < 0.001; Fig. 2b) .
Taken together, our data indicate that CCKBCs do not indiscriminately innervate potential glutamatergic principal cells in the same cell layer; instead, they choose their synaptic targets on the basis of the long-distance axonal projection patterns of the postsynaptic cells, revealing a new level of specificity of the CCKBC inhibitory system 5, 14 . Thus, GABAergic microcircuits are also differentially involved in distinct information-processing streams originating from a single layer, similar to recent findings in glutamatergic neocortical synaptic connections 15 . In addition, we identified cellular markers (reelin and calbindin) that specifically label two distinct principal cell groups in the MEC layerII with differential projection targets. Unit recordings from behaving animals have revealed the existence of two distinct cell populations in MEC layerII , the grid cells 1 and the border cells 2 , and future studies will need to determine how these cell types correspond to the two differentially projecting MEC layerII principal cell classes that we identified and how they are modulated by segregated GABAergic microcircuits in vivo. 
